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UNIVERSAL CORRESPONDENCE spond to positive points of the first and second locations to 
NETWORK move closer to each other , and training features that corre 

spond to negative points in the first and second locations to 
RELATED APPLICATION INFORMATION move away from each other . 

5 A system for training a convolutional neural network 
This application claims priority to Provisional Applica - ( CNN ) is presented . The system includes a memory and a 

tion No . 62 / 250 , 877 , filed on Nov . 4 , 2015 , incorporated processor in communication with the memory , wherein the 
herein by reference in its entirety . processor is configured to extract coordinates of correspond 

ing points in the first and second locations , identify positive 
BACKGROUND 10 points in the first and second locations , identify negative 

points in the first and second locations , train features that 
Technical Field correspond to positive points of the first and second loca 
The present invention relates to image processing and , tions to move closer to each other , and train features that 

more particularly , to end - to - end fully convolutional feature correspond to negative points in the first and second loca 
learning for geometric and semantic correspondences , but 15 tions to move away from each other . 
are not limited to those . A non - transitory computer - readable storage medium 

Description of the Related Art comprising a computer - readable program for training a 
In a visual correspondence problem , one is given a set of convolutional neural network ( CNN ) is presented , wherein 

images that contain an overlapping 3D region and asked to the computer - readable program when executed on a com 
find the location of the projection of 3D points in all images . 20 puter causes the computer to perform the steps of extracting 
This problem arises in some computer vision applications coordinates of corresponding points in the first and second 
including stereo disparity , structure from motion , panorama locations , identifying positive points in the first and second 
stitching , image representation , image retrieval , as well as locations , identifying negative points in the first and second 
more complicated tasks such as classification and detection . locations , training features that correspond to positive points 

To solve the visual correspondence problem , many hand - 25 of the first and second locations to move closer to each other , 
designed features have been proposed . Recently , with the and training features that correspond to negative points in 
advent of a powerful convolutional neural network ( CNN ) , the first and second locations to move away from each other . 
many researchers returned to the problem with this new tool . These and other features and advantages will become 
Rather than learning features , CNN can do end - to - end apparent from the following detailed description of illustra 
classification of patch similarity . 30 tive embodiments thereof , which is to be read in connection 
Once the CNN is trained , intermediate convolution layer with the accompanying drawings . 

features are used as a low dimensional feature . However , 
intermediate convolution features are not optimized for the BRIEF DESCRIPTION OF DRAWINGS 
visual correspondence task . The features are trained for a 
surrogate objective function ( patch similarity ) , and interme - 35 The disclosure will provide details in the following 
diate features do not necessarily form a metric space con - description of preferred embodiments with reference to the 
ducive to performing visual correspondence . In addition , the following figures wherein : 
patch similarity is inherently inefficient and slow . Since it is FIG . 1 is a fully convolutional neural network including 
a patch - based method , features have to be extracted again a series of convolutions and a convolutional spatial trans 
even for the overlapping regions . Also , it requires O ( n ) 40 former , in accordance with embodiments of the present 
feed - forward passes to compare each of n patches with n invention ; 
other patches in a different image . Still , the patch - based FIG . 2 is a diagram that illustrates corresponding con 
similarity has been a preferred method for several reasons . trastive loss , in accordance with embodiments of the present 
First , since all the benchmarks only require image patch invention ; 
similarity , optimizing the system for patch similarity ( clas - 45 FIG . 3 is a convolutional spatial transformer , in accor 
sification ) would yield better results than learning a metric dance with embodiments of the present invention ; 
space ( metric learning ) . Second , since the neural network is FIG . 4 is a block / flow diagram of a method for training a 
good at abstracting fine details , CNN is an appropriate tool convolutional neural network ( CNN ) , in accordance with 
for measuring global similarity . embodiments of the present invention ; and 

50 FIG . 5 is a block diagram of a processing system , in 
SUMMARY accordance with embodiments of the present invention . 

A system of a convolutional neural network and a training DETAILED DESCRIPTION OF PREFERRED 
method for visual correspondence is presented . The system EMBODIMENTS 
converts an image to dense features which can be used for 55 
various correspondence tasks . The feature space generates a Correspondence estimation is the workhorse that drives 
metric space wherein distance operation captures visual several fundamental problems in computer vision , such as 
similarity . The system is fully convolutional and can gen - 3D reconstruction , image retrieval or object recognition . 
erate features for an arbitrary sized input and allow for Applications such as structure from motion or panorama 
efficient feature extraction . Active hard negative mining 60 stitching that demand sub - pixel accuracy rely on sparse key 
with metric learning are used to train the network . point matches using descriptors . In other cases , dense cor 

A computer - implemented method for training a convolu - respondences in the form of stereo disparities , optical flow 
tional neural network ( CNN ) is presented . The method or dense trajectories are used for applications such as surface 
includes extracting coordinates of corresponding points in reconstruction , tracking , video analysis or stabilization . In 
the first and second locations , identifying positive points in 65 yet other scenarios , correspondences are sought not between 
the first and second locations , identifying negative points in projections of the same 3D point in different images , but 
the first and second locations , training features that corre - between semantic analogs across different instances within 
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a category , such as beaks of different birds or headlights of Deep metric learning with an efficient correspondence 
cars . Thus , in its most general form , the notion of visual contrastive loss for learning a feature representation that 
correspondence estimation spans the range from low - level matches the correspondence task . 
feature matching to high - level object or scene understand Fully convolutional network for dense and efficient fea 
ing . 5 ture extraction , along with fast active hard negative mining . 

Traditionally , correspondence estimation relies on hand - Fully convolutional spatial transformer for patch normal 
designed features or domain - specific priors . In recent years , ization . 
there has been an increasing interest in leveraging the power State - of - the - art correspondences across sparse SFM , 
of convolutional neural networks ( CNNs ) to estimate visual dense matching and semantic matching , encompassing rigid 
correspondences . For example , a Siamese network may take bodies , non - rigid bodies and intra - class shape or appearance 
a pair of image patches and generate their similarity as the variations . 
output . Intermediate convolution layer activations from the Referring now in detail to the figures in which like 
above CNNs are also usable as generic features . numerals represent the same or similar elements and initially 
However , such intermediate activations are not optimized 16 to FIG . 1 , a fully convolutional neural network including a 

for the visual correspondence task . Such features are trained series of convolutions and a convolutional spatial trans 
for a surrogate objective function ( patch similarity ) and do former is shown , in accordance with embodiments of the 
not necessarily form a metric space for visual correspon - present invention . 
dence and thus , any metric operations such as distance does The system network 100 is a fully convolutional network 
not have explicit interpretation . In addition , patch similarity 20 that consists of a series of convolutions to create feature 
is inherently inefficient , since features have to be extracted maps 130 and rectified linear units ( ReLU ) , and a convolu 
even for overlapping regions within patches . Further , it tional spatial transformer followed by correspondence con 
requires O ( n ) feed - forward passes to compare each of n trastive loss . As inputs , the network 100 takes a pair of 
patches with n other patches in a different image . images 110 , 120 and coordinates of corresponding points in 

In contrast , the exemplary embodiments present the Uni - 25 these images . Features that correspond to the positive points 
versal Correspondence Network ( UCN ) , a CNN - based ( from both images 110 , 120 ) are trained to get closer to each 
generic discriminative framework that learns both geometric other , and the features that correspond to negative points are 
and semantic visual correspondences . Unlike many previous trained to move away from each other . The network 100 has 
CNNs for patch similarity , the exemplary embodiments use a convolutional spatial transformer 140 that can normalize 
deep metric learning to directly learn the mapping , or 30 Visual features form basic building blocks for many feature , that preserves similarity ( either geometric or seman computer vision applications . Carefully designed features tic ) for generic correspondences . The mapping is , thus , and kernel methods have influenced many fields such as invariant to projective transformations , intra - class shape or structure from motion , object recognition and image classi appearance variations , or any other variations that are irrel - 25 35 fication . evant to the considered similarity . The exemplary embodi Recently , many CNN - based similarity measures have ments propose a novel correspondence contrastive loss that been proposed . In one example , a Siamese network can be 
allows faster training by efficiently sharing computations used to measure patch similarity . A driving dataset is used to 
and effectively encoding neighborhood relations in feature train a CNN for patch similarity in recent works , while other 
space . At test time , correspondence reduces to a nearest 40 works also use a Siamese network for measuring patch 
neighbor search in feature space , which is more efficient similarity for stereo matching . CNN pre - trained on Ima 
than evaluating pairwise patch similarities . geNet can be analyzed for visual and semantic correspon 

The UCN is fully convolutional , allowing efficient gen dence . Correspondences are learned in various works across 
eration of dense features . The exemplary embodiments both appearance and a global shape deformation by exploit 
propose an on - the - fly active hard - negative mining strategy 45 ing relationships in fine - grained datasets . In contrast , the 
for faster training . In addition , the exemplary embodiments exemplary embodiments of the present invention learn a 
propose a novel adaptation of the spatial transformer , called metric space rather than optimizing for patch similarity , 
the convolutional spatial transformer , designed to make the implement a fully convolutional architecture with a corre 
features invariant to particular families of transformations . spondence contrastive loss that allows faster training and 
By learning optimal feature spaces that compensate for 50 testing and propose a convolutional spatial transformer for 
affine transformations , the convolutional spatial transformer local patch normalization . 
imparts the ability to mimic patch normalization of descrip - Neural networks are used for learning a mapping where 

the Euclidean distance in the space preserves semantic 
The capabilities of UCN are compared to a few important distance . The loss function for learning similarity metric 

prior approaches . Empirically , the correspondences obtained 55 using Siamese networks can be subsequently formalized . 
from the UCN are denser and more accurate than most prior Recently , a triplet loss was used for fine - grained image 
approaches specialized for a particular task . This is demon - ranking , while the triplet loss was also used for face recog 
strated experimentally by showing state - of - the - art perfor - nition and clustering . Mini - batches can be used for effi 
mances on sparse SFM ( structure from motion ) on KITTI ciently training the network . 
( Karlsruhe Institute of Technology and Toyota Technologi - 60 A CNN is invariant to some types of transformations such 
cal Institute at Chicago ) , as well as dense geometric or as translation and scale due to convolution and pooling 
semantic correspondences on both rigid and non - rigid bod layers . However , explicitly handling such invariances in 
ies in various other datasets . forms of data augmentation or explicit network structure 

To summarize , the exemplary embodiments propose a yields higher accuracy in many tasks . Recently , a spatial 
novel end - to - end system that optimizes a general correspon - 65 transformer network was proposed to learn how to zoom in , 
dence objective , independent of domain , with the following rotate , or apply arbitrary transformations to an object of 
main contributions : interest . 

tors . 
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Fully connected layers are converted in 1x1 convolutional loss , which yields one example per image pair . It is noted 
filters to propose a fully convolutional framework for seg that the number of feed forward passes at test time is O ( n ) 
mentation . Changing a regular CNN to a fully convolutional compared to O ( n ) for Siamese network variants . Table 2 , 
network for detection leads to speed and accuracy gains . reproduced below , summarizes the advantages of a fully 
Similar to these works , efficiency of a fully convolutional 5 convolutional architecture with correspondence contrastive 
architecture is gained through reusing activations for over loss . 
lapping regions . Further , since the number of training 
instances is much larger than the number of images in a # examples per # feed forwards batch , variance in the gradient is reduced , leading to faster Methods image pair 10 per test training and convergence . 

FIG . 2 is a diagram that illustrates corresponding con Siamese Network O ( N2 ) 
trastive loss 200 , in accordance with embodiments of the Triplet Loss O ( N ) 

Contrastive Loss O ( N ) present invention . Corres . Contrast . Loss > 103 O ( N ) 
A Universal Correspondence Network ( UCN ) is trained to 

directly learn a mapping that preserves similarity instead of 15 
relying on surrogate features . The fully convolutional nature The correspondence contrastive loss in Eq . ( 1 ) consists of 
of the architecture , a novel correspondence contrastive loss two terms . The first term minimizes the distance between 
for faster training and testing , active hard negative mining , positive pairs and the second term pushes negative pairs to 
as well as the convolutional spatial transformer that enables be at least margin m away from each other . Thus , the second 
patch normalization are presented . 20 term is only active when the distance between the features 

To speed up training and use resources efficiently , the F ( xi ) and F ( x ' i ) are smaller than the margin m . Such 
exemplary embodiments implement fully convolutional fea - boundary defines the metric space , so it is important to find 
ture learning which has several benefit? First the network the negatives that violate the constraint and train the network 
can reuse some of the activations computed for overlapping ne of the activations computed for overlapping to push the negatives away . However , random negative pairs 
regions . Second , several thousand correspondences can be 25 do not contribute to training since they are generally far from 
trained for each image pair , which provides the network an each other in the embedding space . 
accurate gradient for faster learning . Third , hard negative Instead , mine negative pairs are activated that violate the 
mining is efficient and straightforward , as discussed subse constraints the most to dramatically speed up training . 

quently . Fourth , unlike patch - based methods , it can be used Features are extracted from the first image and find the 
to extract dense features efficiently from images of arbitrary 30 nearest neighbor in the second image . If the location is far 
sizes . from the ground truth correspondence location , the exem 

During testing , the fully convolutional network is faster as plary embodiments use the pair as a negative . The nearest 
well . Patch similarity based networks require O ( n ? ) feed neighbor is computed for all ground truth points on the first 
forward passes , where n is the number of keypoints in each points in each image . Such mining process is time consuming since it 
image , as compared to only O ( n ) for our network . It is noted 35 requires O ( mn ) comparisons for m and n feature points in 
that extracting intermediate layer activations as a surrogate the two images , respectively . The experiments conducted 
mapping is a comparatively suboptimal choice since those use a few thousand points for n , with m being all the features 
activations are not directly trained on the visual correspon on the second image , which is as large as 22000 . The 
dence task . exemplary embodiments of the present invention use a GPU 

Learning a metric space for visual correspondence 40 implementation to speed up the K - NN search and embed it 
as a Caffe layer to actively mine hard negatives on - the - fly . requires encoding corresponding points ( in different views ) 

to be mapped to neighboring points in the feature space . To FIG . 3 is a convolutional spatial transformer 300 , in 
encode the constraints , a generalization of the contrastive accordance with embodiments of the present invention . 
loss is proposed , called correspondence contrastive loss . Let CNNs are known to handle some degree of scale and 
f ( x ) denote the feature in image I at location x = ( x , y ) . The 45 rotation invariances . However , handling spatial transforma 
loss function takes features from images I and I ' , at coordi tions explicitly using data - augmentation or a special net 
nates x and x ' , respectively ( FIG . 2 ) . If the coordinates x and work structure have been shown to be more successful in 
x ' correspond to the same 3D point , the pair is used as a many tasks . For visual correspondence , finding the right 
positive pair that are encouraged to be close in feature space , scale and rotation is crucial , which is traditionally achieved 
otherwise as a negative pair that are encouraged to be at least 50 through patch normalization . A series of simple convolu 
margin m apart . Further , s = 0 is denoted for a positive pair tions and poolings cannot mimic such complex spatial 
and s = 1 is denoted for a negative pair . The full correspon transformations 
dence contrastive loss is given by : To mimic patch normalization , the idea of a spatial 

transformer layer is used . However , instead of a global 
55 image transformation , each keypoint in the image can 

( 1 ) undergo an independent transformation . Thus , the exem 
plary embodiments propose a convolutional version to gen 
erate the transformed activations , called the convolutional 

( 1 – S ; ) max ( 0 , m – | | Fx ( x ) – Fx ( x3 ) | | 2 . spatial transformer . This is especially important for corre 
60 spondences across large intra - class shape variations . 

The proposed transformer takes its input from a lower 
For each image pair , correspondences are sampled from layer and for each feature , applies an independent spatial 

the training set . For instance , for a KITTI dataset , if each transformation . The transformation parameters are also 
laser scan point is used , up to 100 k points can be used in a extracted convolutionally . Since they go through an inde 
single image pair . However in practice , 3 k correspondences 65 pendent transformation , the transformed activations are 
are used to limit memory consumption . This allows more placed inside a larger activation without overlap and then go 
accurate gradient computations than traditional contrastive through a successive convolution with the stride to combine 

L = z si15 : 48 . ) – F « > m2 + 
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the transformed activations independently . The stride size hard negative mining and a convolutional spatial trans 
has to be equal to the size of the spatial transformer kernel former . These lend capabilities such as more efficient train 
size . FIG . 3 illustrates the convolutional spatial transformer i ng , accurate gradient computations , faster testing and local 
module . patch normalization , which lead to improved speed or accu 

FIG . 4 is a block / flow diagram of a method for training a 5 racy . The exemplary embodiments demonstrate in experi 
convolutional neural network ( CNN ) , in accordance with ments that the features perform better than prior state - of 
embodiments of the present invention . the - art on both geometric and semantic correspondence 
At block 410 , coordinates of corresponding points in the tasks , even without using any spatial priors or global opti 

first and second locations are extracted . mization . 
At block 420 , positive points in the first and second 10 Embodiments described herein may be entirely hardware , 

locations are identified . entirely software or including both hardware and software 
At block 430 , negative points in the first and second elements . In a preferred embodiment , the present invention 

locations are identified . is implemented in software , which includes but is not limited 
At block 440 , features that correspond to positive points to firmware , resident software , microcode , etc . 

of the first and second locations are trained to move closer 15 Embodiments may include a computer program product 
to each other . accessible from a computer - usable or computer - readable 
At block 450 , features that correspond to negative points medium providing program code for use by or in connection 

in the first and second locations are trained to move away with a computer or any instruction execution system . A 
from each other . computer - usable or computer readable medium may include 

The advantages of the present invention include ( i ) higher 20 any apparatus that stores , communicates , propagates , or 
accuracy in feature matching since features in a metric space transports the program for use by or in connection with the 
are directly learned to optimize a visual correspondence instruction execution system , apparatus , or device . The 
objective , ( ii ) more efficient training by reuse of activations medium can be magnetic , optical , electronic , electromag 
in overlapping regions , ( iii ) faster training since thousands netic , infrared , or semiconductor system ( or apparatus or 
of correspondences can be trained for every image pair , and 25 device ) or a propagation medium . The medium may include 
( iv ) hard negative mining is efficient and straightforward , a computer - readable storage medium such as a semiconduc 
which leads to higher accuracy . The key steps that enable tor or solid state memory , magnetic tape , a removable 
advantages for of the present invention are ( i ) a correspon - computer diskette , a random access memory ( RAM ) , a 
dence contrastive loss layer that directly learns a metric in read - only memory ( ROM ) , a rigid magnetic disk and an 
feature space rather than optimizing a surrogate patch simi - 30 optical disk , etc . 
larity objective , ( ii ) algorithms for efficient training for the Each computer program may be tangibly stored in a 
correspondence contrastive loss with hard negative mining machine - readable storage media or device ( e . g . , program 
for increased accuracy , and ( iii ) patch normalization that can memory or magnetic disk ) readable by a general or special 
handle rotation and scaling effects through a fully convolu purpose programmable computer , for configuring and con 
tional spatial transformer . 35 trolling operation of a computer when the storage media or 

In experiments , a Caffe package for neural network opti - device is read by the computer to perform the procedures 
mization was used . Caffe is a deep learning framework made described herein . The inventive system may also be consid 
with expression , speed , and modularity in mind . It is devel - ered to be embodied in a computer - readable storage 
oped by the Berkeley Vision and Learning Center ( BVLC ) medium , configured with a computer program , where the 
and by community contributors . Caffe is an expressive 40 storage medium so configured causes a computer to operate 
architecture that encourages application and innovation in a specific and predefined manner to perform the functions 
Models and optimization are defined by configuration with described herein . 
out hard - coding . A user can switch between central process - A data processing system suitable for storing and / or 
ing unit ( CPU ) and graphics processing unit ( GPU ) by executing program code may include at least one processor 
setting a single flag to train on a GPU machine then deploy 45 coupled directly or indirectly to memory elements through a 
to commodity clusters or mobile devices . Caffe is also an system bus . The memory elements can include local 
extensible code that fosters active development . Addition memory employed during actual execution of the program 
ally , speed makes Caffe great for research experiments and code , bulk storage , and cache memories which provide 
industry deployment . Caffe can process over 60M images temporary storage of at least some program code to reduce 
per day with a single NVIDIA K40 GPU ( graphics process - 50 the number of times code is retrieved from bulk storage 
ing unit ) . during execution . Input / output or I / O devices ( including but 

Since Caffe does not support the new layers proposed not limited to keyboards , displays , pointing devices , etc . ) 
herein , the exemplary embodiments implement the corre - may be coupled to the system either directly or through 
spondence contrastive loss layer and the convolutional spa - intervening I / O controllers . 
tial transformer layer , the K - NN layer and the channel - wise 55 Network adapters may also be coupled to the system to 
L2 normalization layer . The exemplary embodiments did not enable the data processing system to become coupled to 
use a flattening layer nor the fully connected layer to make other data processing systems or remote printers or storage 
the network fully convolutional , generating features at every devices through intervening private or public networks . 
fourth pixel . For accurate localization , the exemplary Modems , cable modem and Ethernet cards are just a few of 
embodiments extract features densely using bilinear inter - 60 the currently available types of network adapters . 
polation to mitigate quantization error . Referring now to FIG . 5 , an exemplary processing system 

In conclusion , a novel deep metric learning approach to 600 is shown . The processing system 600 includes at least 
visual correspondence estimation is shown to be advanta one processor ( CPU ) 604 operatively coupled to other 
geous over approaches that optimize a surrogate patch components via a system bus 602 . A cache 606 , a Read Only 
similarity objective . The exemplary embodiments propose 65 Memory ( ROM ) 608 , a Random Access Memory ( RAM ) 
several innovations , such as a correspondence contrastive 610 , an input / output ( I / O ) adapter 620 , a network adapter 
loss in a fully convolutional architecture , on - the - fly active 640 , a user interface adapter 650 , and a display adapter 660 , 
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are operatively coupled to the system bus 602 . A display a processor in communication with the memory , wherein 
device 662 can be operatively coupled to system bus 602 by the processor is configured to : 
display adapter 660 . extract coordinates of corresponding points in the first 
Of course , the processing system 600 may also include and second locations ; 

other elements ( not shown ) , as readily contemplated by one 5 identify positive points in the first and second locations ; 
of skill in the art , as well as omit certain elements . For identify negative points in the first and second loca 
example , various other input devices and / or output devices tions ; can be included in processing system 600 , depending upon train features that correspond to positive points of the the particular implementation of the same , as readily under first and second locations to move closer to each stood by one of ordinary skill in the art . For example , 10 other ; and various types of wireless and / or wired input and / or output train features that correspond to negative points in the devices can be used . Moreover , additional processors , con first and second locations to move away from each trollers , memories , and so forth , in various configurations 
can also be utilized as readily appreciated by one of ordinary other ; 
skill in the art . These and other variations of the processing 15 wherein a contrastive loss layer is trained with hard 
system 600 are readily contemplated by one of ordinary skill negative mining and by reusing activations in over 
in the art given the teachings of the present principles lapping re ions . 
provided herein . 7 . The system of claim 6 , wherein the CNN has a fully 

The foregoing is to be understood as being in every convolutional spatial transformer for normalizing patches to 
respect illustrative and exemplary , but not restrictive , and 20 handle rotation and scaling . 
the scope of the invention disclosed herein is not to be 8 . The system of claim 7 , wherein the convolutional 
determined from the Detailed Description , but rather from spatial transformer applies spatial transformations to lower 
the claims as interpreted according to the full breadth layer activations . 
permitted by the patent laws . It is to be understood that the 9 . The system of claim 6 , wherein a contrastive loss layer 
embodiments shown and described herein are only illustra - 25 encodes distances between the features of the first and 
tive of the principles of the present invention and that those second locations . 
skilled in the art may implement various modifications 10 . The system of claim 6 , wherein hard negative pairs are 
without departing from the scope and spirit of the invention . mined that violate constraints . Those skilled in the art could implement various other 11 . A non - transitory computer - readable storage medium 
feature combinations without departing from the scope and 30 con comprising a computer - readable program for training a spirit of the invention . Having thus described aspects of the convolutional neural network ( CNN ) , wherein the com invention , with the details and particularity required by the 
patent laws , what is claimed and desired protected by Letters puter - readable program when executed on a computer 

causes the computer to perform the steps of : Patent is set forth in the appended claims . 
What is claimed is : extracting coordinates of corresponding points in the first 
1 . A computer - implemented method for training a con and second locations ; 

volutional neural network ( CNN ) , the method comprising : identifying positive points in the first and second loca 
extracting coordinates of corresponding points in first and tions ; 

second locations ; identifying negative points in the first and second loca 
identifying positive points in the first and second loca - 40 tions ; 

training features that correspond to positive points of the 
identifying negative points in the first and second loca first and second locations to move closer to each other ; 

tions ; and 
training features that correspond to positive points of the training features that correspond to negative points in the 

first and second locations to move closer to each other ; 45 first and second locations to move away from each 
other ; training features that correspond to negative points in the wherein a contrastive loss layer is trained with hard 

first and second locations to move away from each negative mining and by reusing activations in overlap 
other ; ping regions . 

wherein a contrastive loss layer is trained with hard 50 12 . 12 The non - transitory computer - readable storage negative mining and by reusing activations in overlap - s in overlap - medium of claim 11 , wherein the CNN has a fully convo m 
ping regions . lutional spatial transformer for normalizing patches to 2 . The method of claim 1 , wherein the CNN has a fully handle rotation and scaling . convolutional spatial transformer for normalizing patches to 13 . The non - transitory computer - readable storage handle rotation and scaling . 55 

3 . The method of claim 2 , wherein the convolutional medium of claim 11 , wherein the convolutional spatial 
transformer applies spatial transformations to lower layer spatial transformer applies spatial transformations to lower activations . layer activations . 

4 . The method of claim 1 , wherein a contrastive loss layer 14 . The non - transitory computer - readable storage 
encodes distances between the features of the first and 60 so medium of claim 11 , wherein a contrastive loss layer 
second locations . encodes distances between the features of the first and 

5 . The method of claim 1 , wherein hard negative pairs are second locations . 
15 . The non - transitory computer - readable mined that violate constraints . storage 

6 . A system for training a convolutional neural network medium of claim 11 , wherein hard negative pairs are mined 
that violate constraints . ( CNN ) , the system comprising : 

a memory ; and 

35 

tions ; 

and 


